This study aimed to develop statistical models describing the learning of endotracheal intubation (ETI). We collected data from 100 subjects undergoing ETI training with intubatable medical models and manikins (airway trainers). Trainees initially viewed a video about ETI and an instructor demonstrated the technique. Subjects then made up to 17 supervised trials. Each trial was scored as a success or failure; this score was the primary outcome used in analyses. Random effects and population-averaged logit models, and a learning model intended to quantify the relative contributions of failed and successful trials to the learning process, were fitted to the data. The logit models provided evidence of differences in difficulty between different airway trainers and differences in success rate related to previous ETI experience. Trainees became familiar with an airway trainer after multiple trials, as demonstrated by a 50% decrease in the odds of successful ETI when starting on a new trainer. The learning model indicated that a trainee learns about as much from 1 successful ETI as from 12 (95% confidence interval, 2-23) failed trials. The results demonstrate the feasibility of statistical modeling of the learning of ETI and provide insight into the learning process. (Anesth Analg 2001;93:656 -62) 
This study aimed to develop statistical models describing the learning of endotracheal intubation (ETI). We collected data from 100 subjects undergoing ETI training with intubatable medical models and manikins (airway trainers). Trainees initially viewed a video about ETI and an instructor demonstrated the technique. Subjects then made up to 17 supervised trials. Each trial was scored as a success or failure; this score was the primary outcome used in analyses. Random effects and population-averaged logit models, and a learning model intended to quantify the relative contributions of failed and successful trials to the learning process, were fitted to the data. The logit models provided evidence of differences in difficulty between different airway trainers and differences in success rate related to previous ETI experience. Trainees became familiar with an airway trainer after multiple trials, as demonstrated by a 50% decrease in the odds of successful ETI when starting on a new trainer. The learning model indicated that a trainee learns about as much from 1 successful ETI as from 12 (95% confidence interval, 2-23) failed trials. The results demonstrate the feasibility of statistical modeling of the learning of ETI and provide insight into the learning process. I n our institution, endotracheal intubation (ETI) is taught to a range of health professionals, including medical students and trainees in anesthesia. Initial training occurs in a Clinical Skills Learning Center equipped with a variety of manikins and medical models (subsequently referred to as airway trainers). Feedback from trainees has been very positive, but teaching methods should be continually evaluated and refined. To do this effectively, we must be able to relate components of the teaching process to the outcome, at least qualitatively and preferably quantitatively. This study was based on the hypothesis that the process of learning to intubate airway trainers may be subjected to quantitative analysis, and that such analysis would provide insight into how instruction could be further improved.
Methods
This project was approved by the Flinders Clinical Research Ethics Committee. All subjects provided written, informed consent. Before beginning the project, the three instructors involved discussed methods and criteria for assessment and jointly assessed a number of intubation attempts to achieve uniform scoring. Six airway trainers were used (Table 1) . Airway trainer D was used both with and without a cervical collar; these configurations were considered to be different trainers, making a total of seven. Trainees attended the training laboratory in groups of two to four. Each trainee provided demographic details, history of previous experience in ETI, details of experience in 14 clinical procedures ranging from head tilt, oral airway, and peripheral venous cannulation to cardiac defibrillation, and level of confidence in their ability to perform these procedures. For each procedure, a score of 1-4 was assigned, according to whether the trainee had performed the procedure on patients 0, 1-5, 6 -20, or more than 20 times, respectively. The scores were summed to provide a global clinical experience score. The level of confidence in ability to perform these procedures was rated on a scale from 1 (not confident at all) to 5 (extremely confident). These scores were summed to give a clinical skills confidence score.
The training sessions lasted 1.5 to 2 h. Initially the aims of the teaching were discussed, and trainees viewed a brief video presentation about ETI. The technique was then demonstrated by an instructor, after which each trainee made up to 17 trials at ETI with three to six different airway trainers. Instructors 1-3 supervised 89, 7, and 4 trainees, respectively. There was no fixed sequence of airway trainer use, but generally trainees commenced with trainers perceived to be relatively easy (Trainers A and B) and moved toward more difficult ones (e.g., Trainer DC). The instructor rated each trial as a "success" or "failure." To be scored as a success, the trial had to be considered to be a satisfactory intubation, defined as an intubation which, if it had been made on a patient, would have achieved ETI without significant risk of adverse events. Factors considered in scoring included handling of the laryngoscope and endotracheal tube, care taken to avoid trauma to oral structures (force used, leverage on upper incisors, etc), and the time taken to complete the ETI.
To identify factors predictive of successful intubation, three types of statistical models appropriate for a repeated-measures design with a binary outcome (here, success versus failure of intubation attempt) were fitted to the data. These models were populationaveraged logistic regression models, random effects logistic regression models, and a learning model (1, 2) intended to quantitate the relative contributions of successful versus failed attempts to the learning process. Parameter estimates from the logistic regression models are presented as odds ratios and 95% confidence intervals (95% CI) in relation to an arbitrarily chosen reference category. Goodness of fit of different random effects and learning models was compared by Akaike's Information Criterion (AIC) (3) . A smaller AIC corresponds to improved model fit. Further details of the statistical models are given in Appendix 1.
Initially models were fitted that included variables believed a priori to affect success of ETI (occupational group, previous ETI experience, type of airway trainer attempted, and instructor). Other potential predictors were then examined by adding them to the model.
Results
One hundred subjects participated in the training sessions. Demographic data are given in Table 2 . The median global clinical experience score was 16 (range, 14 -45), and the median clinical skills confidence score was 24 (range, 14 -55).
The rate of successful ETI increased from 6% on the first trial to approximately 80% after 15 trials. To determine an appropriate approximation to the shape of the learning curve, population-averaged logistic models were fitted that included trial number on a linear, quadratic, or logarithmic scale and covariates adjusting for airway trainer type, previous ETI experience, occupational category, and instructor. The predicted success rates from the linear and logarithmic models are shown together with the observed success rates in Figure 1 . The success rates predicted by the logarithmic model were substantially closer to the observed success rate than were the predictions of the linear model. The success rates predicted from the quadratic model were close to observed success rates but still inferior to those predicted from the logarithmic model. Although the logarithmic model did not predict the success rate on the 16th or 17th trial well, only five subjects and one subject contributed to these points, respectively. When corresponding random effects models were fitted, AICs for models with trial number on a linear, quadratic, or logarithmic scale were 1171, 1144, and 1140, respectively. Consequently, logarithm of trial number was used as a covariate in the logit models.
The basic population-averaged logistic regression model, which included logarithm of trial number, airway trainer, previous experience in ETI, occupation, and instructor as covariates, gave a reasonably good fit to the data. There was evidence of a significant association between each category of predictor and successful intubation (all P Ͻ 0.05). The only additional variable identified as an important predictor was when a subject changed to a new airway trainer. Results for the model including this variable, Model 1, are given in Table 3 .
Model 1 provided only weak evidence of heterogeneity in difficulty level among airway trainers. The most important component of previous ETI experience was for trainees who had prior experience intubating patients. There was a significant association between occupational group and success rate, but no strong evidence of heterogeneity among medical students in Years 1-4 (P ϭ 0.07). This probably reflects the small numbers of students from Year 1, 3, and 4 in A random effects model, Model 2, was fitted by using the same predictor variables as in Model 1. Estimates from Model 2 are given in Table 4 . Qualitatively the parameter estimates were similar to those of Model 1. There was significant evidence of heterogeneity in difficulty among airway trainers, with trainer D the most difficult.
The learning model described by Bush and Mosteller (1) is of the form
where P failure is the predicted probability of failure on the ith trial for the jth subject, s is the number of successes and f the number of failures before the ith trial by the jth subject (subscripts i and j have been omitted from equation for clarity), and ␤ 1 and ␤ 2 are variables to be estimated. For this study, this model was modified to allow the inclusion of airway trainer, occupational group, and so forth as additional predictors (Appendix 1). Because of the difficulty in fitting multivariable learning models, the following variables each were collapsed into two categories: previous ETI experience (experience on patients versus no experience on patients), occupational category (medical student or nurse versus other), and instructor (Instructor 1 versus Instructor 2 or 3). The model containing all these predictors, as well as type of airway trainer, had an AIC of 1167. The best-fitting model was obtained by removing the variables previous ETI experience and instructor and adding a variable denoting whether the trainee had previously attempted to intubate the same trainer. This final model had an AIC of 1149. Parameter estimates for this model, Model 3, are given in Table 5 . The predicted probabilities of successful ETI for Model 3 range from 0 to 0.97, with a predicted success rate on the first trial of 5% (observed ϭ 6%). The ratio log(␤ 1 )/log(␤ 2 ) gives the relative contribution of a successful trial versus a failed trial to the learning process. Here, this ratio is approximately 12 (95% CI, 2-23), suggesting that a trainee learns about as much from one successful trial as from 12 failed trials.
Discussion
The learning of clinical skills has been studied in a variety of ways. Descriptive studies (4,5) may be appropriate for providing feedback to trainees about their progress or for summarizing large amounts of data into a more comprehensible form. Comparative studies have demonstrated the efficacy of teaching methods, including the use of medical models or simulators (6, 7) . This study demonstrates that the process of learning a complex clinical skill, ETI, can be modeled statistically, enabling the identification of factors affecting the learning process. This statistical modeling provides a tool that will allow anesthesiologists to study the effect of new educational methods or technologies.
In this study, the subject group was heterogeneous, three different instructors were involved, and different subjects made differing numbers of trials on differing sets of airway trainers, so the data were "messy." This was because the purpose of the training sessions was educational, and their design and conduct was aimed to optimize learning, not to provide a standardized setting for data collection. Results obtained from this real-world situation are probably more widely applicable than those obtained in highly controlled experimental settings. However, interpretation of the results should take the data collection method into account. For example, the relative difficulty of the different airway trainers may depend on the sequence in which they are presented. In this study, the sequence was not balanced or randomized, but generally progressed from the easier to the more difficult trainers.
Results obtained from population-averaged and random effects models were qualitatively similar. The interpretation of the estimated parameters, however, differs between these types of models. Populationaveraged models are more appropriate for comparing groups that receive different teaching methods, whereas random effects models are more appropriate for assessing an intervention made at an individual level. In practice, teaching includes elements at both a group and an individual level, and so both classes of models might be considered.
Although the primary goal of this preliminary study was to establish the feasibility and utility of modeling the learning process, the results do provide insight into the learning process. If the odds of successful intubation are taken as a measure of performance, then these results conform to the commonly observed pattern of a linear relationship between logarithm of performance score and logarithm of the number of trials made (8) . Although this type of learning curve leads to rapid early learning, the rate of learning rapidly declines, essentially reaching a plateau. At this a P values given after each category of predictor are from likelihood ratio tests of the null hypothesis that none of the predictors in that category is associated with success of intubation.
b Because the modeled outcome is probability of a failed trial, the parameter estimates may be interpreted as the factor by which the probability of failure is reduced. For example, other factors being equal, a trainee who is an ambulance paramedic trainee or specialist has only 74% as much chance of failing an intubation trial as a medical student or nurse. Each time a trainee changed to a new airway trainer, the odds of a successful intubation decreased by half, suggesting that trainees became familiar with a trainer on repeated use and tailored their technique to suit it. Learning studies have shown that variation in the training task slows acquisition but enhances both retention and transfer to new settings (9, 10) . This leads to the hypothesis that if trainees trained on only a single airway trainer, they would become skilled at intubating only that airway trainer but would have more difficulty intubating a patient, and would lose the skill more easily than a trainee who had trained on a variety of trainers.
Another interesting result arose from the learning model. It seems that trainees learn far more from successful, as opposed to failed, trials at intubation. This is consistent with the hypothesis that ETI is a motor skill learned by the practice of the correct technique, such as with riding a bike. Initially it is difficult, but by repetition of the correct motor skills it becomes automatic. Repetition or performance of incorrect skills is of little value. This supports the intuitive view that training should commence with the easier airway trainers and progress to more difficult ones only when the trainee is able to approach them with a good prospect of success.
This study focused on the process of learning to intubate airway trainers. It has identified means by which such learning might be improved, for example, by using a variety of trainers and structuring the session to maximize the proportion of successful trials. It remains to be determined whether optimizing training with airway trainers improves a trainee's ability to intubate a patient or whether a subject's performance during training on airway trainers may be used to predict ability to intubate a patient. This has major implications for clinical simulation. Data are currently being collected to examine these questions.
about random effects models, see Brown and Prescott (15) .
The learning models used here were of the form P failure ϭ ␤ 1 s ϫ ␤ 2 f ϫ ␤ 3 x1 ϫ ␤ 4 x2 ...,
where P failure is the predicted probability that the ith attempt of the jth subject will be a failure, s is the number of successful and f the number of failed attempts by the jth subject before the ith attempt, and x1, x2, and so on are predictors denoting airway trainer, occupational group, and so forth. Within-subject correlation arises from the dependence of an observation on past values for the same subject. Goodness of fit of learning models was assessed by comparison of predicted and observed success rates and by examination of Pearson and deviance residuals.
